In the present study, we sought to identify long noncoding RNA (lncRNA) expression profiles in nonalcoholic steatohepatitis (NASH) patients with histologic evidence of lobular inflammation and advanced fibrosis. We profiled lncRNA expression using RNA-sequencing of wedge liver biopsies from 24 nonalcoholic fatty liver disease (NAFLD) patients with normal liver histology, 53 NAFLD patients with lobular inflammation, and 65 NAFLD patients with advanced fibrosis. Transcript profiling identified 4432 and 4057 differentially expressed lncRNAs in comparisons of normal tissue with lobular inflammation and fibrosis samples, respectively. Functional enrichment analysis revealed lncRNA participation in transforming growth factor beta 1 and tumor necrosis factor signaling, insulin resistance, and extracellular matrix maintenance. Several lncRNAs were highly expressed in fibrosis relative to normal tissue, including nuclear paraspeckle assembly transcript 1, hepatocellular carcinoma upregulated lncRNA, and metastasis-associated lung adenocarcinoma transcript 1 (MALAT1). Two potential target mRNAs, syndecan 4 (SDC4), and C-X-C motif chemokine ligand 5 (CXCL5) were identified for hepatocellular carcinoma upregulated lncRNA and MALAT1, respectively, but only CXCL5 showed differential expression among the different histologic classes. Knockdown of MALAT1 expression reduced CXCL5 transcript and protein levels by 50% and 30%, respectively, in HepG2 cells. The expression of MALAT1 and CXCL5 was upregulated in activated hepatic stellate (LX-2) cells compared to cells in the quiescent state, and MALAT1 expression was regulated by hyperglycemia and insulin in HepG2 cells, but only by insulin in LX-2 cells. Dysregulated lncRNA expression is associated with inflammation and fibrosis in NASH. Functionally relevant differences in MALAT1 expression may contribute to the development of fibrosis in NASH through mechanisms involving inflammatory chemokines. (Translational Research 2017;190:25-39) Abbreviations: BMIs ¼ body mass indexes; CXCL5 ¼ C-X-C motif chemokine ligand 5; ENA-78 ¼ epithelial neutrophil activating peptide 78; HULC ¼ hepatocellular carcinoma upregulated lncRNA; lncRNA ¼ long noncoding RNA; MALAT1 ¼ metastasis-associated lung adenocarcinoma transcript 1; NAFLD ¼ nonalcoholic fatty liver disease; NASH ¼ nonalcoholic steatohepaFrom the National Jewish Health, Denver, Colo; Translational
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INTRODUCTION
Nonalcoholic steatohepatitis (NASH) is a clinically severe manifestation of nonalcoholic fatty liver disease (NAFLD), characterized by significant liver inflammation and hepatic fibrosis. 1 NASH is recognized as the major cause of chronic liver disease and a leading determinant of cryptogenic cirrhosis 2 and is projected to become the most common indication for liver transplantation within the next few years. 3 Clinical outcomes for NASH patients contribute to greater liver-related morbidity and mortality in affected patients. 4, 5 Obesity, 6 insulin resistance and type 2 diabetes (T2D), 7, 8 oxidative stress, 9 proinflammatory cytokines, 10, 11 and immune response 12, 13 are associated with the coincident development of inflammation and fibrosis in NAFLD patients, although to date, the molecular mechanisms underlying the progression to NASH remain poorly defined. Given the strong link between fibrosis and heightened risk of cirrhosis and liver-related mortality in NASH patients, 14, 15 studies to identify and characterize the specific mechanisms contributing to disease progression are critical for the development of new therapies to delay, halt, or reverse hepatic fibrosis.
The approach of characterizing gene expression in NAFLD and NASH has long been utilized to better understand the molecular basis of disease development. 16, 17 For example, in humans, gene expression patterns clearly separated steatohepatitis from steatosis and normal liver, 18 mild fibrosis and septal fibrosis, 19 and low vs high levels of steatosis. 20 Changes in both DNA methylation and gene expression have also been associated with the presence of NAFLD, 21, 22 and to date, many potential gene candidates have emerged from these studies. However, a significantly greater percentage of the human transcriptome is transcribed as noncoding RNA (ncRNA) compared to protein-coding RNA, 23, 24 and these ncRNAs are emerging as potent regulators of gene expression and disease pathogenesis. Long ncRNAs (lncRNAs) represent a specific class of ncRNA molecules with transcript lengths .200 nucleotides. Although lncRNAs are post-transcriptionally modified in a manner similar to mRNA, they are not translated into protein [25] [26] [27] and instead serve key regulatory roles, such as mediating activity or localization of proteins, providing organizational scaffolds for subcellular structures, modulating transcriptional programs, and regulating miRNA expression. [27] [28] [29] [30] Little is known of the role of lncRNAs in the development or progression of NAFLD, although growing evidence suggests these molecules contribute to many of the pathophysiological mechanisms underlying the disease. For example, levels of the lncRNA, maternally expressed gene 3, were significantly decreased in a carbon tetrachloride-induced mouse liver fibrosis model and in human liver fibrosis of undisclosed etiology. 31 Another lncRNA, Alu-mediated p21 transcriptional regulator, was found to be upregulated in human cirrhosis and activated hepatic stellate cells. 32 Expression of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was increased in livers of ob/ob mice, as well as hepatocytes exposed to palmitate. 33 These investigations of single lncRNAs provide a further rationale for the analysis of global changes in lncRNA expression in NAFLD and NASH.
To our knowledge, only a single study has performed a genome-wide analysis of lncRNA expression in NAFLD patients. Sun et al. 34 profiled lncRNA expression in liver samples from 5 patients with NAFLD and 5 patients without NAFLD and found that 2000 lncRNAs were differentially expressed between the 2 AT A GLANCE COMMENTARY Leti F, et al. Background Clinical outcomes for patients with nonalcoholic steaotohepatitis (NASH) contribute to greater liver-related morbidity and mortality in affected patients; however, the molecular mechanisms underlying the progression to coincident inflammation and fibrosis in NASH remain poorly defined. Given the strong link between fibrosis and heightened risk of cirrhosis and liver-related mortality in NASH patients, studies to identify and characterize the specific mechanisms contributing to disease progression are critical for the development of new therapies to delay, halt, or reverse hepatic fibrosis.
Translational Significance
These results support a mechanistic role for lncRNAs in regulating the development of inflammation and fibrosis in NASH.
groups. Although this study represented an important first step in delineating lncRNA expression patterns in NAFLD, it was limited by a very small sample size, utilization of microarray analysis, and a focus on NAFLD, not NASH.
To better understand the role of lncRNAs in NASH, we performed sequencing-based lncRNA profiling analysis of liver samples from NAFLD patients with coincident lobular inflammation, advanced fibrosis, and normal liver histology. We validated hepatic expression of 54 and 57 target lncRNAs in samples showing inflammation and advanced fibrosis, respectively. Several lncRNAs were highly expressed in fibrosis relative to normal tissue, including hepatocellular carcinoma upregulated lncRNA (HULC) and MALAT1, both of which have been implicated in the development of hepatocellular carcinoma. [35] [36] [37] We determined that MALAT1 expression increases in activated hepatic stellate cells and is regulated by hyperglycemia and insulin in vitro. We identified C-X-C motif chemokine ligand 5 (CXCL5) as a gene target of MALAT1 in liver cells and found increased levels of CXCL5 transcript and protein in fibrotic liver and activated hepatic stellate cells. These results support a mechanistic role for lncRNAs in regulating the development of inflammation and fibrosis in NASH.
MATERIALS AND METHODS
Study sample. Liver biopsies were obtained from Caucasian individuals enrolled in the bariatric surgery program at the Geisinger Clinic Center for Nutrition and Weight Management. All patients participated in a multidisciplinary, standardized preoperative program, during which clinical and demographic data, blood samples, and tissue specimens were obtained. 38 RNA was isolated from liver wedge biopsies obtained intraoperatively. [39] [40] [41] A portion of the biopsy tissue was fixed in neutral-buffered formalin, stained with hematoxylin and eosin, and histologically evaluated as part of clinical standard of care using NASH Clinical Research Network criteria, 42 as described. 40 Patients with histologic or serologic evidence for other chronic liver diseases were excluded from this study. Both medical history and histologic assessment excluded individuals with clinically significant alcohol intake and drug use from participation in the bariatric surgery program. Clinical data were obtained from an obesity database as described 38 and included demographics, clinical measures, ICD-9 codes, medical history, medication use, and common laboratory results.
The study sample was comprised of 142 patients: 24 with normal liver histology, 53 with lobular RNA extraction, sequencing, and analysis. We extracted total RNA using the RNeasy Mini Kit (Qiagen Inc; Valencia, Calif) according to the manufacturer's protocol and quantified products using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, Del). We used the Ovation RNA-Seq System V2 (NuGEN; San Carlos, Calif) to prepare amplified complementary DNA from polyA-selected RNA prior to sequencing. We sequenced samples using the HiSeq 2000 sequencing platform (Illumina, San Diego, Calif). RNA libraries were sequenced to a depth of 60M 83 bp paired-end reads. Sequencing data were processed using the Illumina pipeline CASAVA, v1.8.4 to generate raw FASTQ reads. During the generation of qseq and FASTQ files for alignment, low-quality reads were identified and removed, and indexed reads were identified and grouped accordingly. Filtered reads were aligned against the human genome using the Bowtie program. 43 Aligned RNA-Seq reads and Ensembl GRCh37-74 GTF files were imported into the HTSeq tool 44 to quantify the number of reads per gene. The counts were then used as input to DESeq2 45 to identify lncRNAs that were differentially expressed among the histologic categories, comparing lobular inflammation or advanced fibrosis samples with normal samples. We determined statistical significance using the method of Benjamini and Hochberg. 46 The level of statistical significance and the degree of fold change were used to identify transcripts showing the strongest differential expression between phenotypic categories.
We used the heatmap.2 function from the gplots R package (http://CRAN.R-project.org/package5gplots) to plot heatmaps, which were created using log 10 -transformed normalized read counts of the differentially expressed lncRNAs obtained from the DESeq2 data analysis. Counts were normalized within DESeq2 45 using the default normalization method (quantile). Hierarchical data clustering of normalized read counts was performed using a combination of the Manhattan method and the WardD-linkage clustering method. These methods were performed and applied to cluster samples (represented as columns in the heatmap) and genes (rows). Clustering is shown as dendrograms in each heatmap.
Functional enrichment analysis. To evaluate interactions between lncRNAs filtered by base mean $ 10, log 2 fold change $ j61j, and P value ,0.05 and potential mRNA targets, we first used the publically available, curated database (http://www.lncrna2target.org) to identify experimentally validated interactions for each differentially expressed lncRNA discovered using RNA-seq (Supplemental Table I Table II ). The significance of the association between lncRNA transcripts and the canonical pathway was assessed using 2 criteria: (1) the ratio of the number of molecules mapped to the pathway and total number of molecules involved in the canonical pathway and (2) the BenjaminiHochberg corrected P value from the right-tailed Fisher's exact test. 46 Targeted sequencing using the Ion AmpliSeq Transcriptome Human Gene Expression kit. To validate RNA-sequencing results, we analyzed gene expression with an orthogonal method utilizing the real-time PCR transcriptome panel found in the Ion AmpliSeq Transcriptome Human Gene Expression kit (Life Technologies, Carlsbad, Calif). We selected a subset of 48 individuals from the RNA-sequencing sample, corresponding to 16 samples from each of the 3 histologic classes (normal, lobular inflammation, and advanced fibrosis). Total RNA was isolated and quantified as previously described, and reverse transcription was performed using random priming. Once validated, libraries were sequenced as barcodedpooled samples on the Ion S5XL NGS platform (Life Technologies). Differentially expressed lncRNAs were analyzed using DESeq2 and plotted in heatmaps as previously described.
Analysis of individual RNAs using quantitative real-time polymerase chain reaction (RT-qPCR). To validate the expression levels of individual transcripts, we performed RT-qPCR using RNA extracted from the same liver samples used in the sequencing experiment. Primer sequences are available on request. We converted RNA to complementary DNA using the TaqMan RNA-to-Ct 1-Step kit (Life Technologies) according to the manufacturer's protocol, followed by RT-qPCR analysis in conjunction with the QuantStudio 6 Flex (Life Technologies). Cycle threshold value was generated using QuantStudio Real-Time PCR Software 1.0 (Life Technologies). Data were normalized using glyceraldehyde 3-phosphate dehydrogenase. The 2DDCt method was used to determine fold change of gene expression between samples. All assays were performed in triplicate. A 2-tailed t test was used to determine P values.
Cell culture and cell treatments. We used 2 cell lines to characterize effects of lncRNAs on target gene expression: HepG2 cells as a model for hepatocytes and LX-2 cells as a model for hepatic stellate cells, which are central to the fibrogenic process in the liver and reside in close proximity to hepatocytes in vivo. HepG2 (ATCC, Manassas, Va) and LX-2 (Merck Millipore; Billerica, Mass) cells were cultured in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum. Cells were grown in 24-well culture dishes (VWR International, Radnor, Pa) containing 0.5-mL cell culture medium and placed at 37 C in a Heracell 5% CO 2 incubator (Thermo Fisher Scientific). Culture medium was replaced the first day after seeding, and then every 48 and 72 hours for HepG2 and LX-2 cells, respectively, until 80% confluence was reached. Before treatment, cells were serum-starved overnight and then treated with serumfree media containing insulin (I: 100 nM) or high glucose (HG: 30 mM).
Activated LX-2 cells were put into a quiescent state by treating with Dulbecco's Modified Eagle Medium, 10% fetal bovine serum, and MDI solution (0.5-mM isobutylmethylxanthine, 1-mM dexamethasone, and 167-nM insulin; Sigma-Aldrich) as described. 47 Phenotypic differences observed with a light microscope and changes in alpha-smooth muscle actin transcript levels were measured as a marker of cell state. Total RNA was extracted, and MALAT1 and CXCL5 transcript levels were quantified with RT-qPCR as described.
For knockdown studies, HepG2 cells were transfected using RNAiMAX (Thermo Fisher Scientific) with either MALAT1 siRNA or a scrambled sequence over 48 hours. RNA extraction, quantification, and RT-qPCR analysis were performed as previously described. Cell media was collected, spun at 5000 3 g for 5 minutes to remove cell debris, and concentrated using Amicon tubes (Millipore). Protein concentration was determined using the bicinchoninic acid assay (Thermo Fisher). CXCL5 mRNA (relative expression) and protein (percent of total soluble protein) were compared with housekeeping genes and untreated controls, respectively. All experiments were performed in triplicate. A 2-tailed t test was used to determine significance; a P value ,0.05 was considered statistically significant.
RESULTS
Clinical characteristics of study sample. We applied massively parallel RNA-Seq to quantify the expression of lncRNAs derived from wedge liver biopsies from 24 individuals with normal liver histology, 53 NAFLD patients with lobular inflammation, and 65 NAFLD patients with advanced fibrosis. The degree of liver fibrosis was evaluated using Masson's trichrome stain. Patient characteristics are shown in Table I . As expected, individuals with either lobular inflammation or advanced fibrosis had higher body mass indexes (BMIs) and triglyceride levels and showed greater derangement in glucose metabolism and liver function compared to individuals with normal histology. The presence of T2D was significantly greater in patients with fibrosis compared to those with normal histology or inflammation (62% vs 21% and 26%, respectively).
lncRNA profiling in NASH fibrosis, lobular inflammation, and normal liver. Quality-filtered sequencing reads were aligned to the reference genome, and then quantified as read counts for each known lncRNA gene feature and plotted as heatmaps. We performed unsupervised hierarchical clustering using the Ward linkage clustering method 48 with a Manhattan distance matrix to provide an unbiased assessment of the ability of lncRNAs to differentiate between livers with normal histology and those with either lobular inflammation or fibrosis. The columnwise clustering dendrogram showed a largely independent grouping of the control and diseased liver samples. We observed strong discrimination between normal samples and those with advanced fibrosis (Fig 1A) . A similar pattern was seen in the heatmap comparing samples with lobular inflammation to those showing normal liver histology (Fig 1B) .
A comparison of lncRNA expression profiles in fibrotic and normal liver samples identified 4057 lncRNAs with a statistically significant log 2 fold change $ 1.0 and base mean cutoff 5 1 in NASH fibrosis using a false-discovery rate P value #0.05. Using the same criteria, we observed 4432 lncRNAs that were differentially expressed between samples with lobular inflammation and those with normal histology. Comparison of profiles from lobular inflammation and advanced fibrosis revealed 3122 differentially expressed lncRNAs shared between the 2 groups. The lncRNAs common to each list showing the greatest fold change and highest expression levels are shown in Table II .
To address differences in BMI, T2D status, glucose and triglyceride levels, and sex distribution among patients with lobular inflammation and advanced fibrosis with those individuals showing normal liver histology, we performed additional analyses adjusting for the appropriate covariates. For patients with lobular inflammation, adjusting for the effects of BMI, insulin levels, and HbA1c reduced the number of differentially expressed lncRNAs to 681. Likewise, for patients with advanced fibrosis, adjusting for the effects of sex, diabetes status, glucose, insulin, and HbA1c resulted in 658 differentially expressed lncRNAs. Comparison of profiles from lobular inflammation and advanced fibrosis revealed 640 differentially expressed lncRNAs shared between the 2 groups.
We also explored lncRNAs differentially expressed between lobular inflammation and advanced fibrosis and identified 74 differentially expressed lncRNAs (P , 0.05; Supplemental Table II ). As shown in the clustering dendrogram ( Supplemental Fig 1) , inflammation and fibrotic samples were not strongly clustered according to histologic class.
lncRNA target genes involved in liver-related pathways. To identify pathways by which lncRNAs might exert effects on hepatic function or metabolism, we investigated interactions among differentially expressed lncRNAs common to both lobular inflammation and advanced fibrosis, filtered by log 2 fold change $ 1.0, a false-discovery rate P value #0.05, and an arbitrary Abbreviations: NAFLD, Nonalcoholic fatty liver disease; MAPK, mitogen-activated protein kinase; TNF, tumor necrosis factor. % represents number of genes mapped to pathway and total number of molecules involved in canonical pathway.
base mean cutoff 5 10 (N 5 125) and potential target mRNAs using a publically available, curated database as described in the Methods section. We undertook this approach because at the present time, there are no comprehensive databases containing annotated lncRNAs. Using this strategy, we identified 77 experimentally validated target mRNAs, which were found to participate in 137 pathways (P , 0.05), including those involved in transforming growth factor beta 1 (TGFB1) and tumor necrosis factor (TNF) signaling, insulin resistance, and extracellular matrix maintenance (Supplemental Table III ). The top pathways related to lncRNA target genes are shown in Table III . RT-qPCR validation of differentially expressed lncRNAs previously associated with hepatocellular carcinoma. To validate the differential expression of hepatic lncRNAs in NAFLD fibrosis identified by sequencing, we selected 3 candidates to analyze using quantitative real-time polymerase chain reaction (RT-qPCR) based on fold change, statistical significance, and prior association with hepatocellular carcinoma, to which NASH patients may be predisposed. These lncRNAs included NEAT1 (nuclear paraspeckle assembly transcript 1), MALAT1, and HULC (hepatocellular carcinoma upregulated lncRNA). As shown in Fig 2, we observed modest upregulation of NEAT1 in both inflammation (P 5 1.0 3 10 24 ) and advanced fibrosis (P 5 3.0 3 10 24 ) compared to normal liver. In contrast, levels of MALAT1 were 3.6-fold (P 5 8.02 3 10 26 ) higher in fibrotic samples compared to samples with normal and inflammation histology, both of which showed similar levels of expression. Levels of HULC were 2.3-fold (P 5 2.53 3 10 25 ) and 3.6-fold (P 5 1.08 3 10 28 ) higher in inflammation and fibrosis samples, respectively, compared with normal Analysis of NEAT1, MALAT1, and HULC by RT-qPCR. Total RNA was extracted from liver tissue as described in the Methods section. Relative quantification of lncRNAs was performed using TaqMan qPCR. Results are shown as inflammation and advanced fibrosis relative to normal histology, levels of which were set to a value of 1. Expression levels were normalized against GAPDH. All experiments were performed in triplicate. Data are expressed as mean 6 standard deviation. *P . 0.05. NEAT1, nuclear paraspeckle assembly transcript 1; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; HULC, hepatocellular carcinoma upregulated lncRNA; RT-qPCR, quantitative real-time polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
Normal
Inflammation Adv. Fibrosis CXCL5 expression is increased in lobular inflammation and advanced fibrosis. Total RNA was extracted from liver tissue as described in the Methods section. Relative quantification of CXCL5 was performed using TaqMan qPCR. Results are shown as inflammation and advanced fibrosis relative to normal histology, levels of which were set to a value of 1. Expression levels were normalized against GAPDH. All experiments were performed in triplicate. Data are expressed as mean 6 standard deviation. *P . 0.05. CXCL5, C-X-C motif chemokine ligand 5; qPCR, quantitative polymerase chain reaction.
tissue (P 5 0.01). These findings are concordant with results obtained with the analysis of the RNAsequencing data.
Identification and validation of gene targets of validated lncRNAs. We used the lncrna2target database (http:// www.lncrna2target.org) to identify potential validated mRNA targets of NEAT1, MALAT1, and HULC. Of these, we identified potential mRNA targets only for HULC and MALAT1, but not NEAT1 (Supplemental Table I ). Although several potential mRNA targets for HULC and MALAT1 were identified, we observed hepatic dysregulation in our samples of only 2 transcripts with biological relevance to liver injury: syndecan 4 (SDC4), which is potentially targeted by HULC and CXCL5, a target of MALAT1.
Using RT-qPCR, we found a significant increase of CXCL5 transcript in liver samples with histologic evidence for fibrosis and lobular inflammation compared to normal liver tissue (Fig 3) . However, we did not observe differences in SDC4 expression among the different histologic classes (data not shown), and for this reason, we focused our attention on investigating the relationship between MALAT1 and CXCL5.
MALAT1 knockdown affects CXCL5 expression in liver cells. To begin to characterize the relationship between MALAT1 and CXCL5, we treated HepG2 cells with MA-LAT1 siRNA and measured transcript and protein levels of the predicted target. Treatment of HepG2 cells with MALAT1 siRNA resulted in 85% reduction in MALAT1 levels compared to untreated and scrambled siRNA control cells (Fig 4A) . In the presence of MALAT1 siRNA, levels of CXCL5 transcript ( Fig 4B) and secreted protein ( Fig 4C) were decreased by 50% and 30%, respectively, suggesting that MALAT1 plays a role in the regulation of CXCL5 expression. MALAT1 knockdown decreases CXCL5 transcript and protein levels. HepG2 cells were transfected with MALAT1 siRNA for 48 hours and levels of (A) MALAT1, (B) CXCL5 transcript, and (C) CXCL5 protein were quantified. Total RNA and protein were extracted and collected, respectively, as described in the Methods section. Relative quantification of transcripts was performed using TaqMan qPCR and normalized against GAPDH. Protein concentrations were assessed using commercially available enzyme-linked immunosorbent assays. All experiments were performed in triplicate. Data are expressed as mean 6 standard deviation. *P . 0.05. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; CXCL5, C-X-C motif chemokine ligand 5; qPCR, quantitative polymerase chain reaction.
or activated state like primary cells 51 ; thus, we measured CXCL5 levels in this cell line. Levels of CXCL5 transcript (Fig 5A) and protein ( Fig 5B) were 49% and 535 higher in activated vs quiescent LX-2 cells, respectively. We also found that MALAT1 levels were almost 2-fold higher in activated LX-2 cells compared to quiescent cells (Fig 5C) . These results suggest that the expression of CXCL5 and MALAT1 is altered during the transition of hepatic stellate cells from a quiescent to activated state.
High glucose and insulin regulate MALAT1 expression in liver cells. Because hyperglycemia, hyperinsulinemia, and T2D are linked to NAFLD severity and progression to hepatic inflammation and advanced fibrosis [52] [53] [54] and MALAT1 expression has been shown to be regulated by high glucose levels in human umbilical endothelial cells, 55 we sought to assess the effects of glucose and insulin on MALAT1 expression in liver cells. Treatment of HepG2 cells with high glucose (30 mM) and insulin (100 nM) resulted in an increase in MALAT1 expression over time, beginning at 24 hours and peaking to more than 3.5-fold at 48 hours (Fig 6) . In contrast, MALAT1 levels in activated LX-2 cells increased only in response to treatment with 100-nM insulin but did not vary with high glucose (Fig 6) .
DISCUSSION
We conducted genome-wide profiling of lncRNAs using a well-characterized cohort of patients with biopsy-proven NAFLD to identify lncRNAs differentially expressed in lobular inflammation and advanced fibrosis relative to liver samples showing normal histology from obese individuals. Comparison of profiles from lobular inflammation and advanced fibrosis revealed 3122 differentially expressed lncRNAs shared by the 2 histologic groups, indicating that were put into a quiescent state using the MDI cocktail as described in the Methods section. Relative quantification of transcripts was performed using TaqMan qPCR and normalized against GAPDH. Protein concentrations were assessed using commercially available enzyme-linked immunosorbent assays. All experiments were performed in triplicate. Data are expressed as mean 6 standard deviation. *P . 0.05. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; CXCL5, C-X-C motif chemokine ligand 5; qPCR, quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
changes in lncRNA expression that correspond with advanced fibrosis may begin with the onset of hepatic inflammation that appear to involve 137 pathways, including those involved in TGFB1 and TNF signaling, insulin resistance, and extracellular matrix maintenance. A major finding of this study is evidence that MALAT1, well known for participation in the development of hepatocellular carcinoma, 56 may play a role in the development of steatohepatitis and fibrosis in patients with NAFLD through a chemokine-mediated mechanism.
The role of lncRNAs in the development of NASH is only now emerging. In addition to investigations of individual lncRNAs, including maternally expressed gene 3, 31 Alu-mediated p21 transcriptional regulator, 32 and MALAT1, 33 to our knowledge, only a single study has reported a genome-wide analysis of lncRNAs in human liver tissue with NAFLD. 34 In that study, liver tissue was obtained from 10 patients with gallbladder stones, 5 with NAFLD, and none with metabolic disease (i.e., T2D). The authors used microarray analysis to identify 1735 lncRNAs differentially expressed between NAFLD and normal samples. A random selection of 7 lncRNAs assessed by RT-qPCR showed significantly smaller degrees in fold change compared to those obtained with the microarray results, and in most cases, expression levels were no longer significantly different between the 2 groups, suggesting that microarray analyses may be prone to false positive results. Compared to array hybridization, RNA-sequencing provides a broader dynamic range through quantification of discrete, digital sequencing read counts and higher levels of specificity and sensitivity, which enhances detection of differential expression. Consistent with these differences, none of the 7 lncRNAs identified in the microarray study overlapped with the findings reported here.
We used a 2-pronged strategy to validate findings of differential expression in the present study. First, we compared our RNA-sequencing results with readouts derived using a real-time PCR transcriptome panel containing 262 lncRNAs. Of these, we found evidence of differential expression for 67 
25 ) using profiling data from 19 NASH patients and 24 healthy controls. 57 A recent study reported a 7-fold increase in MALAT1 expression in cirrhotic liver compared to healthy tissue, suggesting that this lncRNA may play a role in processes underlying the progression of NASH and development of hepatocellular carcinoma. 58 Our studies and those of others have assessed MALAT1 expression in whole liver tissue. In mice, however, MALAT1 expression was shown to increase 9.7-fold in primary hepatic stellate cells at day 10 vs day 2, and in comparisons of carbon tetrachloride-treated animals, a model for liver fibrosis, with oil-treated controls, MA-LAT1 expression increased 5.9-fold and 2.7-fold in hepatic stellate cells and isolated hepatocytes, respectively. 58 Our results showing an elevation of MA-LAT1 expression in activated hepatic stellate cells are concordant with these findings. Notably, in primary hepatic stellate cells isolated from C57BL/6 mice, knockdown of MALAT1 expression correlated with reduced levels of alpha-smooth muscle actin and type 1 collagen and reduced the appearance of the myofibroblast-like morphology characteristic of activated hepatic stellate cells. 58 Knockdown of MALAT1 in carbon tetrachloridetreated mice also correlated with reduced levels of alpha-smooth muscle actin and type 1 collagen, as well as downregulation of collagen accumulation in liver tissue, suggesting that this lncRNA plays a role in the progression of liver fibrosis in mice.
Our findings that MALAT1 expression increased in response to high glucose treatment in HepG2 cells are Effects of hyperglycemia and insulin treatment on MALAT1 expression. MALAT1 expression in response to treatment with high glucose or insulin was measured in HepG2, and LX-2 cells were grown to 80% confluence and serum-starved before treatment with normal glucose (5 mM), high glucose (30 mM), or 100-mM insulin. Total RNA was extracted as described in the Methods section. Relative quantification of transcripts was performed using TaqMan qPCR and normalized against GAPDH. All experiments were performed in triplicate. Data are expressed as mean 6 standard deviation. *P , 0.05. MALAT1, metastasis-associated lung adenocarcinoma transcript 1; LX-2, hepatic stellate cells; qPCR, quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
consistent with a previous report of glucose-mediated MALAT1 upregulation in endothelial cells. 55 In that study, MALAT1 upregulation peaked at 12 hours and was not apparent at later time points, in contrast to our findings in liver cells. However, we also observed peak MALAT1 expression at different time points between HepG2 and LX-2 cells, and combined with the earlier finding, these results suggest that hyperglycemia-mediated regulation of MALAT1 expression may vary by liver cell type. MALAT1 expression increased the levels of reactive oxygen species and was paralleled by upregulation of serum amyloid antigen 3, which was abrogated in the presence of MALAT1 siRNA. 55 Changes in MALAT1 expression in response to hyperglycemia were also accompanied by serum amyloid antigen 3-mediated upregulation of the inflammatory markers TNF alpha (TNFA) and interleukin 6, which was diminished in the presence of MALAT1 siRNA, supporting a mechanistic role for the lncRNA in mediating hyperglycemia-induced inflammation. Interleukin 6 has been shown to be a biomarker for the presence of liver fat in humans. 59 We identified CXCL5 as a potential target of MALAT1 and observed upregulation of transcript levels in lobular inflammation and advanced fibrosis. CXCL5 expression was also elevated in activated LX-2 cells, which is consistent with increased cytokine expression from hepatic stellate cells in response to liver injury. 60 Treatment of liver cells with siMALAT1 corresponded with decreased expression of CXCL5 transcript and protein. Early studies reported that CXCL5, also known as epithelial neutrophilactivating peptide 78 (ENA-78), was upregulated in liver injury [61] [62] [63] and contributed to hepatocyte proliferation.
61
CXCL5 belongs to the CXC chemokine family, has specificity for CXCR2 receptors, and is involved in the recruitment and activation of neutrophils. 64 CXCL5 is associated with neutrophil infiltration and poor prognosis in liver cancer and is considered a therapeutic target in liver cancer, as treatment with small-interfering RNAs or antibodies against CXCL5 can suppress tumor growth, proliferation, migration, and invasion. 65 In non-small cell lung cancer cells, CXCL5 was identified as a downstream target of MALAT1, and together, they regulated cell migration and invasion. 66 The role of CXCL5 in the development of NASH is not yet known. In rats, acute liver injury resulting from partial hepatectomy or hepatic ischemia/reperfusion was associated with increased hepatic expression of CXCL5. 61, 62, 67 Hepatic CXCL5 expression in mice was increased in chronic liver disease compared to normal liver, particularly in hepatic stellate and endothelial cells. 50 In humans with alcoholic hepatitis, hepatic expression of CXCL5 was upregulated and associated with a worse prognosis. 68 In contrast, plasma CXCL5 levels were reduced in patients with liver cirrhosis and correlated with hepatic synthetic capacity, fibrosis, and disease progression. 50 Hepatic recruitment of blood monocytes has been shown to promote liver fibrosis, 69 suggesting that reduced plasma CXCL5 levels may reflect an altered distribution of these infiltrating immune cells in patients with advanced liver disease. Combined with the results reported here, these findings support a role for CXCL5 in the pathogenesis of chronic liver disease, perhaps through a MALAT1-mediated mechanism. Additional studies will be necessary to delineate the relationship between MALAT1 and CXCL5 and determine the contribution from different cell types in the liver to the MALAT1-CXCL5 pathway.
Despite the significance of the findings reported here, we acknowledge limitations associated with the present study. First, the cellular source of lncRNAs identified in whole tissue is unknown, which may confound interpretation of the RNA-sequencing data. This is particularly important for lncRNAs, which exhibit more cell-type specific expression profiles than mRNAs. 70 Single-cell analysis of lncRNAs from the developing human cortex revealed abundant expression in individual cells compared to bulk tissue studies, suggesting that analysis of whole tissues may average gene expression signatures of many different cell types, 71, 72 thereby muting actual expression patterns in individual cells. Thus, single-cell sequencing of hepatic stellate cells, hepatocytes, and other cells of the liver may reveal important cell type-specific contributions to biological changes that occur during the development of fibrosis and cirrhosis in NASH.
In addition, the libraries prepared for RNA-sequencing were polyA 1 -enriched, which biases our analyses to polyadenylated lncRNAs. Although many lncRNAs are post-transcriptionally polyadenylated like mRNAs, 70 many processed lncRNAs do not possess a polyA 1 tail, and these would not be represented in our polyA 1 -enriched libraries. To address the current bias toward polyA 1 lncRNAs, we are currently performing a microarray analysis of lncRNAs using the same samples in the present study.
Results from this study are derived from individuals with extreme obesity, in whom the pathophysiology of hepatic fibrosis may be different from patients with less severe degrees of obesity. However, given that obesity is a significant risk factor for worse liver-related outcomes in NAFLD, 73 and that the percentage of the population with severe obesity is increasing, our findings may have broader relevance. We also note that the crosssectional design does not allow associations with disease progression to be drawn, and in the absence of serial liver biopsies, we could not evaluate lncRNA expression changes over time. Assessment of lncRNA levels in longitudinal biopsies will be necessary to determine the roles of specific candidates in disease progression.
In summary, the results obtained in the present study demonstrate that dysregulated lncRNA expression is associated with inflammation and advanced fibrosis in NASH. We also show that functionally relevant differences in MALAT1 expression may contribute to the development of fibrosis in NAFLD through mechanisms involving the inflammatory chemokine, CXCL5. Future investigations, including validation in independent cohorts and characterization of lncRNA gene targets and pathways, will be important to extend these findings. -04  PDGFB, PTGS2, CDCP1, GGT1, ZEB2, ZEB1,  LPAR1, SDC4, TGFB1, PRKAR2A, CDKN2B,  ROBO1, VPS4A, FAS, FGF1, RPRD1A, AKT3,  CDCA4, BCR, LTBR, CDK8, PRKCE, MAPK1,  EP300, CRKL, TBCB, MAPK3, MAPK9, MAPK8,  CA2, WNT5A, DRD1, CSF1, SOX2, MKNK2,  ABCA1, SUFU, HMMR, ADAMTS12, FN1,  COL4A1, EPAS1, MAPK10, SNAI2, FZD5, IWS1 CTHRC1, PTGS2, PDGFB, ARNT2, CDCP1, GGT1,  ZEB2, ZEB1, LPAR1, SDC4, TGFB1, CDKN2B,  ROBO1, GPC6, FAS, FGF1, RPRD1A, AKT3,  LTBR, BCR, SNAPC2, NDUFC2, CDK8, HNF4G,  PRKCE, EP300, MAPK3, MAPK9, MAPK8, CA2,  GLTSCR2, DRD1, CPM, CSF1, MKNK2, ABCA1,  SUFU, HMMR, MIA2, CWF19L1, COL6A1,  ADAMTS12, FN1, COL4A1, EPAS1, FZD5, SNAI2,  MCAM, ATM, IWS1, BMPER, LAMA3, Pearson's r-value was used to measure correlation between differentially expressed lncRNAs in (A) fibrosis and (B) lobular Inflammation samples. Correlations in both analyses achieved statistical significance (P , 0.05).
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